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FOREWORD

This is the final report on the '""Analysis of Holograms of Reacting
Sprays'' contract sponsored by the Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, California. The report is submitted
by TRW Systems Group, TRW, Inc., in accordance with the provisions of
JPL Contract Number 9252357. The holograms analyzed during the cur-
rent effort were recorded as part of the work under a previous JPL spon-
sored program: '""Producing Holograms of Reacting Sprays in Liquid Pro-
pellant Rocket Engines,' Contract Number 952023. Analysis of these holo-
grams under the current contract was a logical outgrowth of the earlier
work. This work was accomplished by the Science and Technology Division
of TRW Systems Group. The Project Manager was Mr. B.J. Matthews.
Dr. R.F. Wuerker served as the Principal Scientist. The contract was
administered technically by Messrs. R. M. Clayton and R.S. Rogero of
the Jet Propulsion Laboratory.

Work presented in this final report is based upon the efforts and
contributions of the following TRW personnel: R.A. Briones, S.S. Cherry,
R.J. Chouinard, M.S. Jennings, M. von Moltke, M. S. Sendro and P. B.
Verenkoff. The hologram of a reacting spray in a windowed combustion
chamber used for data reduction purposes was recorded during a compan-
ion holography program sponsored by the Air Force (Contract F04611-69-
C-0015). Permission to utilize this hologram was through the courtesy of
Lt. W.B. Kuykendal, Air Force Rocket Propulsion Laboratory, Edwards

Air Force Base.
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ABSTRACT

Holograms of reacting and non-reacting droplet sprays, recorded
during a previous contract for the Jet Propulsion Laboratory, were re-
constructed and photographed for the purpose of evaluation and data reduc-
tion. The virtual image reconstruction was accomplished with a pulsed
ruby laser and the reference beam optics of the holocamera originally used
to record the hologram. A 4- by 5-inch view camera, focused on a pre-
selected plane of interest in the scene volume, photographed the reconstruc-
tion on very fine grain film emulsion. These negatives, together with posi-
tive prints of the negatives, were subjected to manual drop size measure-
ments. Drop size data were analyzed and correlations made with empirical
mean droplet diameters. Size distributions of the measured droplets were
also compared with published experimental data from the literature. Pre-
cise holocamera resolution measurements were made using the same
recording -reconstruction techniques described for the droplet sprays.

These measurements served to help define the smallest droplets which
could be resolved and, further, to indicate the effect on resolution of

coherent light granularity.
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1. INTRODUCTION

The feasibility of holographically recording liquid propellant com-
bustion phenomena was first demonstrated in 1968 during a previous
research program sponsored by the Jet Propulsion Laboratory. * The
pulsed ruby laser holocamera apparatus, liquid rocket engine test hard-
ware, test procedures and holographic results of this earlier work have

1,2,3,4 At that time, all efforts were

been reported in the literature.
directed toward developing adequate techniques for making holograms of
reacting sprays. As a consequence, there was no systematic attempt at
acquiring quantitative data from the reconstructions of burning liquid pro-
pellants. Only qualitative impressions were noted. Ultimately, the utility
of holographic methods for studying combusting sprays is strongly depen-

dent upon deriving quantitative information from the reconstructions which

could then be used to describe or model the combustion process.

The work reported here is a logical extension of the initial holography
program. Holograms recorded during the previous effort were reviewed
for general quality and information content. Twelve holograms were initially
selected for further study. The purpose of this study was to evaluate and
analyze several of the best reconstructions for both qualitative and quantita-
tive information concerning the spray phenomena. The acquisition and
analysis of droplet data was preceded by systematic 1) resolution measure-
ments with the JPL 45-degree transmission holocamera and pulsed ruby
laser apparatus, and 2) development of improved image reconstruction tech~
niques to facilitate drop size measurements. The following sections of this
final report present the experimental techniques used and discuss the data

derived from the holograms.

o,
A

" JPL Contract No. 952023 (NAS7-100), '"Producing Holograms of Reacting
Sprays in Liquid Propellant Rocket Engines."







2., TECHNICAL DISCUSSION

2.1 GENERAL

Final evaluation of the spray holograms is, in part, dependent upon
the resolving power of the entire optical system used to record, recon-
struct and subsequently photocopy the reconstructed image. Resolution of
the JPL 45-degree holocamera had not been precisely determined during
the earlier work. This was accomplished during the first part of the pro-
gram together with development of an improved method for precise ruby
hologram reconstruction. The reconstructed holograms were photographi-~
cally copied using a high quality camera lens and fine grain film. Sections
2.2 and 2.3 describe this work and the measured resolving power of the
holocamera apparatus together with the effect on resolution of coherent

light granularity phenomena.

Succeeding text (Sections 2.4 through 3.6) is concerned with the
technique used to reduce droplet data, resulting experimental information
and a discussion of the results. In the latter section, experimental re-
sults are correlated with accepted mean droplet diameter and droplet
size distributions. An assessment of droplet measurement error is also
presented. Finally, the feasibility of using holographically recorded
reacting spray droplet data for combustion modeling is briefly described

and demonstrated in Section 3.3 in a preliminary manner.
2.2 JPL HOLOCAMERA RESOLUTION

Resolution of the JPL 45-degree transmission holocamera (Figure 1)
was determined experimentally using a U. S. Air Force 1951 resolution
target. A photograph of the USAF 1951 resolution target is shown in
Figure 2. The target was placed within the scene volume of the ruby
laser holocamera and holographed. A schematic diagram of the test setup
is presented in Figure 3, Resolution measurements were made at distances
of 94 centimeters (37 inches), 45 centimeters (~18 inches) and 25 centimeters
( 10 inches) from the holographic film plate to the resolution target, The

later two distances were chosen to approximately correspond with the center

“USAF 1951 Resolving Power Target per Military Standard 150A, Cat. No.
8040, W. & L. E. Gurley, Troy, New York.
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Figure 1. JPL 45-degree Two-beam Transmission Holocamera
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Figure 2. U.S. Air Force 1951 Resolving Power Test Target
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of the atmospheric reacting spray fan and the 3-inch-diameter combustion

chamber locations within the holocamera scene volume during the original

holographic test program at the JPL Edwards Test Site.

At a distance of 45 centimeters from the film plate to the target, the
holocamera resolution was determined to be 20 line pairs per millimeter.

This corresponds to an equivalent partical size resolution of ~25 microns.

Verification of this statement on resolution is presented in Figures
4 and 5. These figures show photographic enlargements of a portion of the
USAF 1951 target. Figure 4 is an intermediate enlargement of the three
photographs, while Figure b represents a maximum magnification of the
same three images. In each case, the original photographs were made
using 50-243 film" with a 4 by 5-inch bellows view camera and a Schneider

Kreuznach Component 1:5.6/300 millimeter lens.

The left-hand picture (Figures 4 and 5) was made with the resolution
target located in the holocamera scene volume and using white incoherent
rear illumination. The target was photographed with the copy camera
lens and film combination previously noted. The camera lens-resolution
target distance (i.e., object distance) was approximately 50 centimeters
(~19.7 inches). Using a microscope, the negative for the left-hand pic-

ture was ''read' to a resolution of 80 line pairs per millimeter (equivalent

alsals
R

to about 6 micron partical size).

e

"Product of Eastman Kodak Co. » Rochester, N. Y. The SO-243 Special
High Definition Aerial Film is a panchromatic emulsion with extended
red sensitivity and a resolving power in excess of 200 lines per milli-
meter. (Refer to Kodak Publication No. M-118-0, Section 19). When
the lefthand photograph of Figure 4 (Figure 5 is the same) was examined
with a microscope, the negative exhibited a grain size just resolvable at
a 125 power magnification (~1 micron).

At als
EAtd

Appendix A provides a description of the USAF 1951 chart and listing
of the bar or line pair spacings.
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The center photograph shown in Figure 4 and further enlarged in
Figure 5 was made under identical conditions to the white light photograph
except that the USAF 1951 target was illuminated with coherent red light
(A = 0. 6943 micron) from a pulsed ruby laser. The background is now
granular, due to the use of coherent light. Examination of this negative
showed that it could be read to the 5th column, 3rd row, or 40 line pairs
per rnillimeter.* The two photographs test the resolution of the holocamera
for incoherent and red coherent light. The "factor-of-two' difference

seems to be a rule which has been seen before.

The right hand picture in Figures 4 and 5 is of the reconstruction of
a hologram of the resolution target taken under the identical conditions
that the other two photographs were made. The hologram was recorded
(on Agfa 8ET75 plate) and reconstructed in the same holocamera. The
hologram-resolution chart distance was 45 centimeters (~18 inches). This
distance was about the same as the original Phase I open flame and the
Phase II acrylic engine tests (see Reference 1). The hologram was
reconstructed in the holocamera by blocking the scene beam and using the
reference beam (see Figure 3) to reconstruct the virtual image. Thus, it
was reconstructed with the identical reference beam pattern, reference
beam angle, and wave length as it was recorded. The copy camera was
not disturbed or changed between the recording of the real (center) and
"synthetic'" (right) images. The photograph was recorded on SO-243 film.

Examination of the negative under a microscope showed it could read to

ale ate
b

20 line pairs per millimeter. The results in Figures 4 and 5 show
that the hologram reconstruction is also limited by granularity, and that
the hologram reconstruction is within a factor of 2 of a direct photograph.

With even more work, this difference could be decreased.

In a procedure similar to that just described, resolution of the JPL
holocamera at an object distance of 28 centimeters (~11 inches) was

measured and again found to be~20 line pairs per millimeter or about

“Examination of the negative with a 125X microscope showed that the
granularity was 15 microns in size.

st
A

Examination of the negative showed that the granularity size, on the
average, was 20 microns in size.




25 microns in equivalent particle size. At a distance of 94 centimeters

(~37 inches) resolution was 10 lines/millimeter or 50 microns,

A limiting factor in discerning fine detail in the reconstruction of
any pulsed ruby hologram is the granular background which one observes
when viewing the hologram. In discussing the resolution of the holo-

camera, some comments on laser granularity are appropriate here.

The "speckle' or granularity pattern which one observes when
viewing laser-illuminated diffuse objects is a result of the high spacial
coherence of the light from a laser. Granularity is not a by-product of
holography. Rather, it is the inverse situation; namely, that the hologram
in recreating a scene wave front, reproduces the granularity originally

present. In actuality, the granularity is modified.

One way to understand this phenomenon is to consider a diffuse
surface (such as a painted wall) illuminated by an enlarged collimated
beam from a laser. The beam, in striking the diffuse surface, is
scattered, but scattered coherently., This means that the phase of one
spot is related by a constant multiple to the phase of a neighboring spot.
This relationship holds all across the diffuse surface and is independent

of time.

In observing the spot with the eye, each element of the surface is
imaged on the retina of the eye. The intensity at the eye of a given
element is the sum of all the rays traveling from the object to the image
via the lens. This sum can either be maximum valued, or can be zero
valued. The former corresponds to constructive interference of the
component rays. The latter is due to destructive interference. The
granularity, as will be seen, is a complex interference pattern whose
spacing is determined by the diffraction resolution limit of the eye. The
adjacent dark regions of destructive interference are separated one from

another by an amount

2,44 A
A=, (1)

where D is the diameter of the lens, f is its focal length, and X\ is the

wavelength of laser light.
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By decreasing the aperture (i. e., D), the granularity spacing
increases. This can be seen by making a pinhole with the clenched index

finger, and observing the diffuse spot with different pin hole sizes.

The same conditions hold for other optical imaging instruments,
such as cameras, microscopes, telescopes,' etc. For example, in looking
into a microscope illuminated by laser light, the field appears granular.
The higher the numerical value of the object, the smaller the granularity.
Also, the higher the quality of the objective, the more random is the
pattern. As with the eye, the granularity is spaced by the resolution
limit. When examining small distributed phenomena, granularity can be

most frustrating.

Cameras exhibit the same effect, namely, the developed film when
examined shows the image superimposed by the random granularity
pattern. Decreasing the aperture increases the spacing of the pattern.
Increasing the aperture decreases the spacing. For this reason, itis
best to photograph laser-illuminated scenes or hologram reconstructions
with lenses of large aperture, small f number, even if the magnification

is empty (inferior white light resolution of a large aperture lens),

Two photographs of a typical granularity pattern are shown in
Figure 6. The examples were produced by illuminating an opal glass
diffuser from behind with the beam from a helium-neon laser (Spectra
Physics Model 124). A l-millimeter-diameter aperture was placed
before the illuminated spot to define its size. A polaroid film holder was
placed 10 feet away from the l-millimeter~-diameter scatterer, and
photographs were recorded on Polaroid film, Type 52, ASA 400. The
examples seen in Figure 6 correspond to exposures of 10 and 2 seconds
each. The two give a feeling for the intensity distribution of the maxima.

For this arrangement, equation (1) gives the separation of the minima,

_ 2.44 £\ _ 2.44 (305cm)(0. 63p) _

D 0.1 cm 0.47 cm

A

Measurement of the recorded pattern verifies this prediction.

Decreasing the scatterer-photographic film distance decreases the

separation of minima.

11
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Objects of the same size as the granularity such as reacting and
nonreacting droplet sprays, hide in the granularity and are lost, particu-

larly if the amount of light is low.

Granularity can be suppressed by moving the illuminating source
during the observation time. In holography, this is impossible since such
motions spoil the hologram recording. A method Which is being investi~
gated for decreasing the granularity of hologram reconstruction, without
changing wavelength, includes multiple exposed holograms of the same
scene. Each exposure is taken with a different reference beam angle, and

‘the hologram is reconstructed serially.
2.3 DROPLET SPRAY HOLOGRAM RECONSTRUCTION

Twelve combustion holograms and one water spray hologram
recorded during the previous contract were selected for preliminary
review. Of the 13 holograms, 5 were recorded dui‘ing the Phase I cold
flow and open flame reacting spray tests (1 water spray fan and 4 open
flame holograms. The remaining 8 holograms were from the Phase II
experiments involving 3-inch-diameter acrylic combustion chambers.
None were selected from the 18-inch-diameter Phase III tests. The

preliminary selection of holograms is tabulated in Table I.

Reconstruction photographs of holograms of combustion phenomena
were made using the technique developed during the resolution measure-
ment tests described in Section 2. 2. In this method, a hologram is
replaced in the holocamera and reconstructed by illuminating it with the
reference beam. When reconstructed in this manner, the reference
beam is reproduced in wave length and divergence angle as when the
holograms were recorded. The pattern, however, is not the same (as
with the resolution holograms), since the ruby rods in the laser were
changed between the time that the combustion holograms were recorded
at JPL-ETS and the present work.

Each reacting and non-reacting spray hologram was placed in
the film holder of the holocamera and a 4~ x 5-inch view camera {lens
at /5. 6) was focused on the virtual image space. The same magnifica-
tion was maintained at each focal plane recorded in the scene volume.
All pulsed ruby reconstruction photographs were recorded on Eastman
SO-243 film.,

13
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Four pulsed laser reconstruction photographs have been made of
each of the selected Phase I holograms (see Table I). The pictures were
taken at reduced magnification of 3/8 in order to have the whole event on
the same piece of film. The photographs of a given set differ from one
another by a progressive bodily stepping of the copy camera in 1/2 -inch
increments away from the hologram. The first picture of the group cor-
responds to having the image of the 1/2-inch-wide iron bar (drilled with
1/4 -inch holes on 1-inch centers) originally in the scene in focus. Quality
of these photographs is excellent, and each differs from the other, as
would be expected when photographs are taken at f/5. 6. Examination of
the negatives with a 125 X microscope showed that the granularity had a
spacing of ~30 microns. One can say that this is the minimum size

particle which can be seen.

In addition, some photographs of holograms have been recorded at
a magnification of 1:3/4. Most of these have been made of hologram
B1115Q. Granularity of these photographs was of ~24 micron size.
Selected copies of some of these reconstruction photographs are shown
in Figures 7 through 11, The maximum resolution was measured with

a microscope to be 30 microns.,

A similar method was followed in reconstructing and photographing
holograms of combustion in the Phase II 3-inch-diameter acrylic thrust
chambers (Table I}, Approximately 7 reconstruction photographs were
made of each of the 8 selected holograms, Representative of these re-
construction photographs are the illustrations in Figures 12 through 14
(Runs B1149, B1157 and B1162).

In evaluating the reconstructions, it was concluded that data reduc-
tion of four holograms would be attempted. The first was the water spray
hologram from Run B1113W which is seen in Figure 7. In addition, two
open flame tests, Runs B1115W (Figure 9) and B1117G (Figure 10) were
selected to cover the two propellant combinations, namely FNA and UDMH
and N204 and 50/50 N2H4—UDMH. Finally, a 3-inch-diameter acrylic
combustion chamber run was also chosen (Run No. B1157, Figure 13),

As discussed subsequently, it proved virtually impossible to obtain

drop size measurements from the 3 -inch diameter acrylic combustion

15




Figure 7 Copy of photograph of a pulsed ruby laser reconstruction of
Hologram B1113W, originally made at JPL Edwards of a water
The hologram was reconstructed with a ruby

laser in the JPL holocamera. The photograph was recorded on

spray pattern.

S0243 film with the same camera used to make Figure 4. The
size scale is the same as for Figure 8 on the following page.
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Figure 8. Copy of a photograph of a pulsed ruby laser reconstruction of
Hologram B1115Q, originally made at JPL Edwards on 1-15-68
of the open flame combustion of N,O, - 50/50 N,H, UDMH pro-
pellant combinagion (1.2 and 1.5 1%s%second) flow rate, respec-
tively, at 56/50 F. The photograph was recorded in the same
manner and magnification as the one shown in Figure 7. The
bar seen in the above picture was drilled with 1/4-inch holes
on l=inch centers,

17




Figure 9. Copy of a photograph of a pulsed ruby laser reconstruction of
Hologram B1115W, originally recorded on 1-17-68 at JPL
Edwards of the open flame combustion of FNA and UDMH,
flowing at 1. 6 and 1.2 lbs/second. Photograph was recorded

on S0O243 Film.

18




Figure 10, Copy of a photograph of a pulsed ruby laser reconstruction of
Hologram B1117G, recorded originally on 2-6-68 at JPL

Edwards of NZO - 50/50 N2H4 UDMH propellant combustion.

4
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Figure 11,

Copy of a photograph of a pulsed ruby laser reconstruction of
Hologram B1115X, recorded originally on 1-17-68 of FNA -
UDMH propellant comgination, flowing originally at 2.0 and
0.9 lbs/second (53/56 F).

20




Figure 12.

Two photographs of the reconstruction of a hologram of
hypergolic propellant combustion in a 3~inch inside
diameter combustion chamber with 0,099-inch injector
orifices, The photographs correspond to different focal
settings of the copy camera, The photographs are of

Run B1149 using N,O, and 50/50 N,H -UDMH propellants,

274 2774
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chamber hologram reconstruction (Run B1157, Figure 13). As an

alternate, a reconstruction photograph of combustion in a windowed

thrust chamber from another program was selected for data reduction, *

A reconstruction photograph of combustion in the windowed chambexr

made during the Air Force program is shown in Figure 15. The illustra-
tion is of N,O, and 50/50 N,H, -UDMH burning at a pressure of 166 psia,
mixture ratio of 2,6 (O/F) and total propellant mass flow rate of 0. 39 1b/sec.

2.4 DATA REDUCTION TECHNIQUE

Droplet size measurements were made using a Gaertner Scientific
Company measuring microscope (Model 12-35A), The micrometer slides
of the microscope can be read to within 0. 0001 inch. The overall magni-
fication used for most of the measurements was 15 X. A higher magnifica-
tion (30 X) was found to be less satisfactory for the open flame and com-
bustion chamber tests, in that the contrast between the droplet and the
background diminished. All photographs of the reconstructed holograms
were analyzed using the 15 X magnification except for water flow test
B1113W, Position 1 (observer #2) and Position 2, for which 30 X magni-

fication was used.

Both negatives (Eastman Type SO-243) and positive prints made
from the negatives were studied under the microscope. Positive prints
such as Figure 16 have the advantage of allowing measurement of dark
droplet outlines on a white background, which is more natural for most
people, compared to the white droplets on a dark background (Figure 17)
with the negatives. However, droplet resolution is reduced with the
positives. Nearly all measurements were made using negatives (Table II)
illuminated from the back. This improved contrast of the white droplets
on the speckled, dark background compared to front lighting. The equiv-
alent diameter of the background granularity (the white areas in the

background on the negatives) is within the range of approximately 20 to 70

*Air Force Contract F04611-69-C-0015: "Laser Holocamera Droplet
Measuring Device, " Final Report AFRPL-~-TR-69-204, November 1969,
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Figure 15. Droplet dispersion (Test A4-100) photographed from a ruby
laser reconstruction of a ruby laser hologram. The original
scene was a reacting spray of N204 and 50/50 NpHy-UDMH
propellants in a windowed thrust chamber operating at a
chamber pressure of 166 psia and mixture ratio of 2, 68,
Magnification of this photograph is approximately 12X,
Direction of flow is from left to right, (Ilustration courtesy
of the Air Force Rocket Propulsion Laboratory, Contract
F04611-69-C-0015),

25




‘uey Aeads 193em ® JO sprempa-TJdl 1B operw ArteurSixo
METITE wei3o[o} JO uOI}ONIjSuOIax 1ase] Aqni pasnd & jo
ydeadojoyd ¢Fz0Og ue jo suorjxod jo sydexSoaostwiojoyd 9ATISOg

[

m 0001 —

9

1 @2an31 g

26



Figure 17.

Negative photomicrographs of portions of an SO243 photograph
of a pulsed ruby laser reconstruction of Hologram B1113W of
a water spray fan. This is the same subject matter as the
preceding figure and shows the difference between viewing
positive prints and negatives,
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microns, with a Sauter mean diameter, D32, of 55 microns. Background
granularity was determined by measurements with a positive print made

from the reconstructed hologram for combustion chamber TestB1157
(See Table II on page 30),

Data reductions were made in all cases with photographs of holo-
graph reconstructions of planes looking at the doublet fan. Although it
was desirable to make droplet counts about the center region of the fan
downstream of ligament breakup, examination of the negatives indicated
that very few distinct droplets could be seen in the center region for the
'open flame tests just downstream of ligament breakup. The droplet
count locations selected represent regions where an appreciable number
of droplets could be-seen. This required that droplets be measured in
regions considerably removed from the fan centerline for the open flame
tests (for example, see Figures 8 through 11)., All droplets which could
be seen in the areas selected for data reduction were measured and re-
corded. Most droplets appear non-circular without sharply defined
boundaries. An equivalent diameter of each droplet was estimated using
the microscope by visualization of an equivalent circular area equal to
the droplet area. Approximately 40 hours of time were spent in actual
measurement of droplet diameters. It was found that once data reduction
areas were selected, careful total droplet measurements could be com-

pleted within a few hours of elapsed time.

The raw data, in terms of all droplet diameters in inches, was input
to a computer program which multiplied the data by a scale factor which
accounted for the magnification of the photographs analyzed, counted the
droplets in intervals of 25 microns; i.e., 50-74.99, 75 to 99.99, etc.,
and computed the cumulative volume fraction, normalized diameter, D30,
and D32

Droplets above approximately 2000 microns in diameter were arbitrarily

based upon the midpoint diameter in each 25 micron interval.

excluded in the data reduction except for the water spray distribution,
At 12 inches downstream of the injection plane, where droplet measure-
ments were made for the water flow test, droplets (or ligaments) larger
than 2000 microns were dispersed non-uniformly through a plane in the
spray field. Droplet measurements were made with photographs which

were 2. 60 times smaller than actual size for the water flow and open
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flame tests and 1.5 times larger than actual for the combustion chamber

test.

The experimental data are presented in terms of D30 and D32 com -~
puted from the data, cumulative volume fraction, £ nD /( £nD”) total,
versus a normalized droplet diameter, D/Déz, and the number of droplets
counted in each 25 micron diameter increment versus droplet diameter.
Curves drawn through the data are based on a commonly used yunimodal
droplet size distribution fitted to the experimental data. These are dis -
cussed in Section 3.2. The normalization is based on the Sauter mean
diameter:

Dy, =2 niDi3/ z niDiZ (2)
This diameter is considered most significant for combustion models since
droplet volume is proportional to the energy release time in combustion
and droplet evaporation is a function of droplet surface area. The mea-
sured mean droplet diameters are compared with available mean droplet
diameter correlations which are based on orifice diameters, jet velocities,
impingment angle, and liquid physical properties in Section 3,1. Pre-
cision of the data and confidence levels for these relatively small droplet

counts are discussed in Section 3. 4.
2.5 EXPERIMENTAL RESULTS

Droplet size distributions and mean diameters computed from the
test data are presented for one water flow test (B1113W), two open flame
tests (B1115W, with FNA/UDMH propellants and B1117G, with
NZO4/0-5 N2H4_—O. 5 UDMH propellants) and one combustion chamber test
(A4-100, with NZO4/O. 5 N2H4—0. 5 UDMH propellants)*, The total droplet
counts and the experimental values of the volumetric mean diameter, D30,

and the Sauter mean diameter, D o are listed in Table II. The water flow

3
and open flame test apparatus and conditions for the droplet measurement
analysis are given in Figure 18, Conditions for the combustion chamber

tests are presented in Figure 19, The droplet measurement region

*The combustion chamber Hologram No. A4-100 was furnished courtesy
of Air Force Contract ¥04611-69-C-0015, Air Force Rocket Propulsion
Laboratory, Edwards Air Force Base.
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| SINGLE DOUBLET
| JPL INJECTOR

e

|CENTERLINE PLANE

DIAMETER OF ORIFICES = 0.173 IN.

',/\

 ATMOSPHERIC FAN VIEW
' VIEWING HOLOGRAM
| STATION | TAKEN OF
\_LOC;\TION | SPRAY
TUBE L/D~ 100 A
T 7
roraL | INJECTION| | $E% i
. RUN | TEST : Lo VELOCITY . |SCENE*
 NO. | DATE | PROPELLANTS | FLOW | O/F Y F1/5EC) °F) (ﬁi},)}DIA-
- (LB/SEC)| - - AT ox [(INL)
B1113W | 12-6-67 | WATER 2.390 [1.000} 118 118 |- 1 - f2 10
|
B1115W | 1-17-68 | FNA/UDMH 2,768 §1.380) 142 98 |52 | 53} 4 | ¢
BI117G |2-6-68 N,O,/.5 NH,-[2.813  [1.254 § 140 108 198 1 95§ 4 |9
¢ svomdfy 4§ ) L
*HOLOGRAM RECONSTRUCTED IN CENTERLINE PLANE.

Figure 18, Water flow and open flame test apparatus and

conditions for hologram analysis,
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&

INJECTOR
SINGLE ELEMENT THRUST
UNLIKE DOUBLET |

\
N 3" DIA.

D_=0.098"
©°

3" 1. D. x 0.4" WALL

D = 0.098" ACRYLIC CHAMBER FOR JPL TEST
6 NO. B1157
45° I// K
, VIEWING
DIRECTION
INJECTOR

SINGLE ELEMENT
UNLIKE DOUBLET

D, = 0.1065
(L/D=10)

7

VIEWING
D = 0.078 DIRECTION

(L/D=10)

TWO-DIMENSIONAL CHAMBER VIEWING WINDOWS
ARE FLAT 3" x 5" LAMINATED
ACRYLIC~PYREX COMPOSITE STRUCTURES
FOR AIR FORCE TEST NO. A4-100,

RN T | R OPELLANTS TF(LDJDA\}vL Wo | Pe < Ve Yox | Tr |Tox

NO. | DATE (LB/SEC) We | (PSIA) | (r1/SEC)| (FT/SEC) | (FT/SEC) | (°F)| (°F)

B1157 4;%9 FNA/UDMH 0.847 | 1.566 104 3500 126 99 40} 35

A4-100 N,O,/ 5N H,l 0.39 | 2.68| 166 | 2500 56 51 60 | 60
-.5UDMH

Figure 19, Combustion chamber test apparatus and
conditions for hologram analysis
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locations are presented in Figure 20.

Cumulative volume fraction versus D/D__ and droplet number -

diameter data are presented in Figure 21 thro?:lzgh 32. The curve fits for
both types of data presentation are discussed in Section 3.2, Droplets
for B1113W in Position 1, a square region 0,5 inch by 0.5 inch on the

4 -by 5-inch negative which corresponds to a 1. 7-in2 area in the spray
field, were measured by two different observers. These data are shown
on the same cumulative volume fraction and number diameter figures for
comparison (Figure 21 and 22), The two sets of data compare closely in
terms of the cumulative volume fraction which, because it is an integra-
tion process, tends to smooth the data. Variation in data between the
two observers is more evident in the number-diameter comparison which
is a function of the derivative of the cumulative distribution form. The
difference between D30 or D32 for the two sets of data is approximately

5 percent. Although all drops in Position 1 were measured, the two
observers differed by approximately 20 percent in total droplet count.
This is attributed to one observer measuring some fainter appearing, or
less well -defined, drops somewhat out of the plane of focus of the particular

holographic reconstruction.

All drops were measured in a larger area surrounding Position 1 for
Test B1113W, (Figures 23 and 24). The number-diameter characteristic
for this larger population of 495 appears better defined than the Position 1
population. The Position 2 population contains a higher percent of large
equivalent diameter drops than the Position 1 population, which results in
a larger mean diameter by approximately 200 microns for Position 2,
These few large droplets, which are plainly visible in Figure 7, have
a pronounced effect on D,, and D

30 32°
were arbitrarily excluded from the water flow measurement data, even

All droplets exceeding 2000 microns

though at 12 inches downstream from jet impingement approximately 12
droplets exceeded 2000 microns in the 495 droplet population. The large
droplets result from cold flow tests with water, which has high surface

tension and from the low 45-degree impingement angle.

The cumulative distributions for droplet measurements for the open

flame tests (Figures 25 through 30) are very similar to those for the water
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Figure 20,

POSITION 1, 1.7 IN?

PO{TION 2, 6.75 IN?

WATER FLOW SINGLE
BIT13W DOUBLET
Dp =D, =.173" g
o]
45° INCL 4 | 12n
2.6" POSITION 1, 6.75 IN?
2.6“
OPEN FLAME SINGLE 2
DOUBLET SITION 2, 2.7 IN
(FNA-UDMH) ] 2.5 POSITIO
BI115W 4 i ~
J 7
D, = Dp=0.173" & .
45° INCL.
3.4 IN?
2.6"
1.3
OPEN FLAME
(N,O, - 50/50 NyH, - UDMH) SINGLE e
B1117G DOUBLET i
— q_—
D, =Dp=0.178"{ 4
45° INCL. &
1.1 IN? (NEGATIVE)
SINGLE
COMBUSTION CHAMBER DOUBLET
(N,O, = 50/50 N,H, - UDMH) TR
D =0.1065"
A4-100 o
D, = 0.0785"
F 2.5||
62.5° INCL.
MEASUREMENT
0.036 IN?
COMBUSTION CHAMBER SINGLE s N .
(FIEL]A]—‘;;DMH) DOUBLET ] \’

Dp = D, = 098" fa— 2"
45° INCL &

]

Droplet count locations and areas on hologram reconstruction
photographs for each test run number
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Figure 23, Experimental cumulative volume fraction versus normalized
droplet diameter for the water flow test B1113W, position 2.
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OPEN FLAME TEST
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Figure 27, Experimental cumulative volume fraction versus normalized
droplet diameter for open flame test B1115W, position 2,
with FNA/UDMH propellants.
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OPEN FLAME TEST
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Figure 29, Experimental cumulative volume fraction versus normalized
droplet diameter for open flame test B1117G, with
NZO4/' 5 N,H,-.5 UDMH propellants.
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COMBUSTION CHAMBER TEST
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Figure 32, Experimental droplet count in 25 micron interval versus
droplet diameter for combustion chamber test A4100,
with NZO4/' 5 N2H4-. 5 UDMH propellants,
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flow test. Although the population consisted of only 47 droplets for
Position 2 (7 inches downstream of impingement along the jet element
centerline), the measured D32 of 503 microns was within 10 percent of
D32 of 465 microns for the larger population measured in Position 1,
which is 4 inches downstream of impingement and 2-1/2 inches or more
from the jet element centerline. The D32 of 839 microns measured for
the open flame Test B1117G with NZO4/O. 5N,H, -0.5 UDMH is consider-
ably higher than the value of 465 microns measured near the same position
for Test B1115W, with RFNA/UDMH. The higher value apparently results
from the higher surface tension of 0.5 N2H4—0. 5 UDMH compared to

UDMH, as discussed in Section 3. 1.

Photographs of the open flame sprays for Tests B1115W and B1117G
were shown in Figures 9 and 10, The very dense spray in the center
regions apparently obscured the droplets in these regions with the holo-
graphic equipment used. Thus, substantial numbers of drops were visi-

ble only in the peripheral regions, where the droplet counts were made,

A typical reconstruction photograph for Test B1157 with the 3-inch-
diameter acrylic chamber was seen in Figure 13. The dense liquid fan
region terminates approximately 1-1/2 inches downstream and changes
to a "lacy! structure of combustion material. Although Figure 33 is not
of the combustion phenomena recorded for Test B1157, it does serve to
illustrate some typical lacy structure observed in nearly all of the com-
bustion holograms (both open flame and, to a greater extent, in the 3-inch-
diameter chamber tests) recorded during the original program, The
illustrations of Figure 33 show three photomicrographs of small portions
of the combusting N204 and 50/50 N2H4—UDMH spray recorded during
open flame Test B1117G (refer also to Figure 10). Note the difficulty in
discerning specific droplets and, further, assigning an equivalent diam-

eter to selected droplets,

Study of negatives and positives of 20 holographic reconstructions
under various magnification for Test B1157 and similar Test B1149 and
B1162, revealed that the lacy structure appears as light and dark granular
regions, The size of the granularity which is the same color as the
droplets is equivalent to a D32 of 55 microns. A measurement of a

sample of 100 was made in the lacy structure region located in Figure 20
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because it was not clear at the time if the small measurements were
droplets or background granularity. (The number-diameter distribution
for the measurements is presented subsequently in Figure 34.) The con-
clusion is made that the measurements with photographs of Test B1157
holographic reconstructions are background granularity. Liquid droplets
are not distinguishable. Study of the holographic reconstruction of a
comparable USAF 1951 resolution chart indicated that the smallest ele -
ment which could be distinguished was Column 3, Row | which corresponds
to a background size or resolution of approximately 60 microns, which

‘substantiates the conclusion. *

In lieu of droplet measurements from Test B1157, a hologram re-
construction was selected from more recent work under Air Force sponsor-
ship Reference 7 which used improved holographic equipment and tech-
niques. Droplet measurement results for the Air Force Test A4-100 are
presented in Table II and Figures 31 and 32. All droplets were counted
in a single plane region, 1.1 in , a distance of 2.5 inches downstream of
impingement about the centerline of the injection element. Even though a
very limited droplet population of 64 was discernible, the cumulative dis -
tribution is quite similar to those for both the water flow and open flame

tests.

*Refer to Appendix A for an explanation of this USAF 1951 resolution
target.
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Figure 34, Background granularity size distribution for combustion
chamber test B1157, for a 25 micron interval
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3. DISCUSSION OF RESULTS

3.1 COMPARISON WITH MEAN DROPLET

DIAMETER CORRELATIONS

Although a considerable number of empirical mean droplet correlations
have been developed, based on droplet measurement with various spray
devices and atomizers, very few correlations have been reported for two
impinging liquid streams at included angles of 90 degrees or less. Two
correlations, Ingebo's (Reference 8), and Rocketdyne's (Reference 9) will

be used for comparison. The Ingebo correlation is:

D.
—J - 2 64 /D.V. + 0.97 D.|V . - V. 3
D30 JJ JI air Jl (3)

where Dj has units of inches and V has units of ft/sec. The Ingebo corre-
lation is derived from cold flow tests with two impinging streams of heptane,
at a 90-degree included angle, into a large diameter air stream moving in
the same direction. The droplet diameters were measured from photo-
micrographs of the spray 8 inches downstream of impingement. Approxi-
mately 1400 drop images were measured for each test condition, which
resulted in a reported statistical error-factor of approximately 3.5 percent.
The maximum observed droplet diameter was 1160 microns. The volume
mean drop diameter is defined as

1/3

Zn. D.3

B i7i
D3y = S, (4)

The correlations reported by Rocketdyne are based on the freezing, sieving
and weighing of hot wax injected through one or more impinging jets into
still air. For impingement of two hot wax jets (orifice L/D = 10) of equal
diameter at a 60 degree included angle, the empirical correlation for the

mass median diameter, D, is

0.57

D,
D =7 84x10%d— (5)
0.85
¢
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where D has units of microns, Dj is in inches and Vj is in ft/sec. The
mass median diameter is that diameter below which is contained 50 per-
cent by weight of the droplets. The injection element represented by
Equation 5 is termed a like doublet with infinite spacing by Rocketdyne.
For impingement of one hot wax jet on one water jet of unequal diameters
at an included angle of 60 degrees, the empirical correlation for mass me-
dian diameter, D, for the wax jet, which represents the fuel side, is

0.27 0.023

4 DF Do

v 0.74 v 0. 33 (6)
F o)

D=9.95 x 10

The Ingebo and Rocketdyne correlations apply only to heptane and

liquid wax, respectively, at the respective impingement angles and must

be corrected for physical property effects, The effect of liquid physical
properties on drop size (Ref., 9) is approximately

D _ o
D~ 176 1/e
o ot/ po/ (7)

1/3 1/2
/312 e

It is to be noted that there is considerable disagreement on the
powers assigned to the liquid properties among the available models.
Physical properties of water, UDMH, 0.5 N2H4-0. 5 UDMH and heptane
are listed in Table III., The differences in surface tension, O'L, have the
most pronounced effect, The correction factor for physical properties by
which the mean diameters computed from the Ingebo and Rocketdyne cor-

rections are to be multiplied are listed in Table IV,

Very little has been reported on the effect of the included angle on
mean droplet diameter. Dombrowski and Hooper have reported that for

constant diameter jets of water for fully developed turbulent flow

1
Dy~ ———171% (8)

(sin @)
where 0 is one-half of the included angle (Reference 10).

The measured and predicted values of mean droplet diameters are

compared in Table II with corrections made for liquid physical properties
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and, as noted, for impingement included angle. Air-to-jet velocity
difference of 0 and V, are used with the Ingebo correlation. Ingebo 8

uses Va' - V. =V, for injection into still air. The velocity difference is

commonlll;r taken as zero for estimation of drop sizes in liquid propellant
rocket combustion chambers, with the assumption that the velocities of

the evolving combustion chamber gases is approximately equal to the in-
jected liquid velocity. Use of the Ingebo correlation for the water flow

test results in a low predicted value of D30 for AV = Vj’ 90 degree im -
pingement. The most probable cause of the large measured mean diameter
is the low 45 degree impingement angle., If the Ingebo correlation is
modified by Equation 8, the predicted D30 at AV = Vj for the water flow

test is

sin 90/2 {. 16
D3O = 343 S ds/2 = (343)(2.04) = 700 (9)

This correction results in a predicted value of D30 which is very nearly

the same as measured at Pgsition 1 for the water flow test,

Modification of the Ingebo prediction for A V = Vj for the impinge-
ment angle correction for the open flame tests results in predicted values
of D30 which are somewhat less than the measured values. The more
significant measured mean drop diameters were obtained in a region con-
siderably removed from the center line of the spray fan. Blow-apart of the
reactive streams may have contributed to the higher measured value of DBO'
The experimental conditions for bothopenflame tests were such that Rupe's

criterion for optimum mixing for an unlike doublet (Reference 11)

2 2 )
(0 V"0 o [te VD), - 10 (10)

was approximately met. The right hand side of Equation (10) is 0. 95 for
Tests B1115W and B1117G, The predicted value of D30 A V:Vj, corrected
for physical properties and impingement angle, is considerably larger
than that measured for the combustion chamber Test A4-100. The high
temperature combustion environment probably accounts for the smaller
measured D30. The use of AV = Vj for the combustion chamber test is

considered appropriate because of the low combustion performance and,
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therefore, low initial combustion gas velocity. However, for combustion
chamber Test A4-100, for which the injector included angle is approxi-
mately the same as used for the Rocketdyne tests, the experimental value
of volumetric median diameter is very nearly the same as that predicted

by the Rocketdyne correlation.

The differences in drop size between the open flame tests is attri-
buted to differences in physical properties of the two fuels since the same
injector was used and injection velocities were nearly identical. The pre-
dicted larger mean drop size ratio with 0.5 N2H4-0. 5 UDMH to that with
UDMH of 1. 31 from Equation 7 is somewhat less that the measured value
of 1.75, based on D30.

fuel droplets because the oxidizers vaporize at much lower temperature

It is assumed that the droplets measured are

than the fuels at the same pressure. The higher surface tension of
0.5 NZH4—O. 5 UDMH primarily accounts for the larger mean drop size,.
The drop size correction factors for the open flame tests are based on
physical property data for viscosity and density at the fuel temperatures
used at the test conditions.  However, the surface tension of 0,5 UDMH-
0.5 N2H4 was computed from the average of that for N,H, (66.7 dyne/cm)
and UDMH (24 dyne/cm) at 6OOF, for lack of better data.

For the water flow test, the experimental value of volume median or
mass median diameter is 12 percent larger than the experimental value of
DBZ’ and 44 percent larger than the experimental value of D3O' For the

open flame and combustion tests the mass median diameter exceeds D32

by 2 to 12 percent and exceeds D30 by 18 to 37 percent,
3,2 COMPARISON WITH DROPLET SIZE DISTRIBUTIONS

The cumulative mass fraction versus D/D from the normalized
Rocketdyne experimental data(Reference 9)is compared with the holographic
data reduction of cumulative volume fraction versus D/ D32 for each test.
(Figures 21, 23, 25, 27, 29, and 31). If the experimental data is normalized
using the volumetric or mass median diameter, D, by shifting the experi-
mental curves to the left by a constant multiplication factor, such that at
the cumulative volume fraction of 0.5 the normalized droplet diameter is
1, the experimental data would more closely match the Rocketdyne
experimental data. However, the very similar characteristic between the

two different sets of data is evident in the manner presented, even though
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the droplet populations from the holographic reconstruction measurements

are limited.

To obtain completed droplet populations with the holographic technique
such as that obtained by freezing, sieving and weighing a segment of the
wax spray volumetric flow would require droplet measurements with holo-
graphic reconstructions at different planes across the non-reactive
spray. This can be accomplished and mechanized techniques can be
developed for droplet measurements to reduce the cost of data analysis.
The holographic technique is the only known method by which droplet size
distribution can be obtained for a volume segment of the flow at different
axial station in a combustion environment. However, for the limited
droplet population data which is available, the precision of the measure-
ments and confidence in the local mean droplet sizes and distributions is

an important consideration. This is discussed in Section 3.4,

The cumulative volume distribution for the water flow tests relative-
ly closely matches the Rocketdyne data for thé like doublet at cumulative
volume fractions less than 0.5. The small number of large diameter
drops which were measured significantly affects the shape of the dis-
tribution and tends to distort the cumulative volume fraction from a
smooth curve at the higher values. The cumulative volume fraction for
the open flame tests compares closer to the Rocketdyne like doublet data
than to the unlike doublet data. The experimental data was obtained with
equal diameter fuel and oxidizer orifices, just as for the like doublet,
whereas the Rocketdyne unlike doublet data was obtained with fuel and

oxidizer orifices of unequal diameter.

The curves drawn through the cumulative distributions are based on
a curve fitting and the General Exponential size distribution to the cumula-
3 .
tive data, expressed in terms of niDi and Di/D32' The General Exponential

function 12 is:

a ‘3 3 C [ A]
I [?:niDi /(Z)niDi )total] = UX exp |-BX (11)
/

where X = D/D3Z and U, C, B, and A are constants. The General Exponent-

ial function was found to provide the best fit to the Rocketdyne data, compared
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to the Rosin- Rammler, Nukiyama-Tanasawa, Log Probability and Upper
Limit distributions which are also commonly used to fit droplet distribu-
tion data. The curve fits were obtained by integrating Equation (11) and
in-putting this equation and the cumulative niDi3 data and the Di/D32. data
to an available computer program which iterated the selected initial values
of the constants until the sum for all test data of the squares of the dif-
ferences between the cumulative data points and the curve ordinates fell
below specified levels., This '""miss'' varied from 0.01 to 0.07 for the
tests. The values of the constants and the sum of the squares of the dif-
ferences are listed in Table V for each test. Comparison of the curves
with the data points on the cumulative distribution curves indicates that
the General Exponential function provides a very close fit to the experi-

mental data.

No curve fit is shown for water flow Test B 11413W, Position 2. The
large diameter drops which were counted resulted in an abrupt termination
of the "8" curve for this test. The general exponential function will not fit

this condition without disregarding several of the upper end data points.

The curve through the number-diameter data for each test is obtained
by substituting the constants into Equation (11). The number of droplets

in a diameter interval of 25 microns is obtained from

A|Zn, D.3/ Zn, D.3) Total Zn. D.3 Total
n = i 17 ii 25
] 3

i Ax Di 32

(12)

where Ax = 25/D32 . The curves for the number-diameter data are thus
consistent with the cumulative distribution curves. The curves represent-
ing the n, - Di daté are proportional to the magnitude of the slopes of the
curmulative distribution curves. The low end of each cumulative distribu-
tion curve is actually not closely fit to the data, in terms of percent dif-
ference in local value of the slope; therefore, some of the ni - Di curves
as drawn at lower Di values are clearly not representative of the data.
The dashed lines in Figure 22, 26, and 32 are based on a closer fit of the
lower end of the cumulative distribution data and thus appear more repre-
sentative of the n, - Di data. However, the solid line curves result in
lower values of the sums of the squares of the differences between the

curves and data for the cumulative distributions. The curve fits are based
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on use of a unimodal distribution function. The number-diameter data
for the open flame test indicates that the test data may actually be bi-
modal, which could result from secondary atomization. The actual
size distribution may be a composite of various individual size distri-
butions. More extensive data would be required to warrant curve fit-

ting with multimodal distribution functions.
3.3 COMBUSTION MODELING

An important use of the combustion holographic technique is to
measure droplet size distributions at several different axial locations
‘along the combustion chamber. The mean droplet sizes determined
experimentally can then be compared to those predicted from available
combustion models for refinement of the models under different operating
conditions, The limited combustion holographic data available do not
include measurement of mean droplet variation along the chamber axis,
However, a combustion model was used to predict the droplet size vari-
ation and combustion performance along the chamber axis for Test Run
A4-100, This was subsequently compared with the mean droplet diameter
determined at one axial location in the chamber and the experimental Cs
efficiency for this run using a single element unlike doublet injector,

The measured D3O droplet diameter and combustion efficiency for Test
A4-100 were approximately 258 microns and 62 percent, respectively,

The steady-state, one~dimensional, vaporization rate-limited pro-
gram described in Reference 8 was employed to calculate the D30 vari-
ation with chamber length, The results are presented in Figure 35 as
D3O versus axial chamber length, Figure 35 also shows the total propel-
lant vaporized as a function of combustion chamber length., The origin of
the vaporization process is the impingement point of the single element
unlike doublet injector, The impingement distance was approximately
0. 30 inch downstream of the chamber head end {injector face) as shown

in the plot of Figure 35,

The referenced program predicted a gradual decrease in the mean
droplet diameter with increasing chamber length for the test operating
conditions of the A4-100 firing, Correspondingly, only about one-third
of the total propellant was vaporized after six inches of combustion length,

These analytically predicted results must be compared with the measured
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C" efficiency of ~62 percent and the measured D30 value of 258 microns

2.5 inches downstream of the injector face, At variance with the experi-

mental combustion efficiency is the vaporization model c” prediction of

approximately 40 percent,

TEST A4-100
N204 - 50/50 N2H4 - UDMH
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270 T l
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Figure 35, Predicted variation of volume mean droplet
diameter along combustion chamber, The
holographic measurements were made
2.5 inches downstream of the injector face,
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This brief attempt to compare measured drop size information
and combustion performance with an existing analytical model has not
yielded conclusive results, There is insufficient holographically derived
data available to describe changes in mean droplet diameter over the

length of the combustion chamber volume.

3.4 MEASUREMENT ERROR ANALYSIS

The droplets on both negative or positive film as seen through a
bmicroscope at 15 or 30 magnification are, for the most part, not circular
nor do they possess sharply-defined boundaries for the water flow, open
flame and combustion chamber tests. An equivalent diameter was esti-
mated for each droplet using the measuring microscope, which can be
read to within 0.0001 inch. The uncertainty in the measurement of the
larger drops is primarily in estimation of the equivalent diameter, whereas
the uncertainty in measurement of the smaller droplets results from the
fuzzy boundaries which make up a significant percent of the equivalent
droplet diameters. By répeated measurements on individual droplets, it
is estimated that the uncertainty in measurement of each droplet in the
flow field regions which were selected for data reduction averages approxi-
mately £10 percent. The effect of this uncertainty in measurement is as

follows for D32

_ Zn D3
32 s DZ

D

Differentiating D32, replacing the differentials by incrementals and divid-

ing by D32 results in

AD32 AZnD3 AZ)nD2
D.. ~ 3 " > (13)
32 ~nD 2nD
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For droplet measurements of D £ xD, the incrementals can be expressed

as

3

AZnD 3

[}

3 3 3
(niD1 +n2D2 +) - [ni (D1:|':XD1) +n2(D2:l:xD2) +]

3 3 3 3 3 3

1

il

n,D,> [1 - :l:x)3] +n,D,” [1 S (& x)3]

- [1 - (1% x)3] TnD’ _ ' (14)

Similarly, for AZnD2

AZnD? = [1 . x)z] =nD> (15)
Substituting in Equation (13)
AD
24’ 1o en®]oex (120 (16)
D3z

The maximum uncertainty, if one observer read all measurements +10

percent high, would be

AD
D

32
32

= 40.10(1.10)% = +0.121

If the observer made all measurements 10 percent low, the effect on D32

would be

AD3Z
D

32

= - 0.10(0.90)2 = - 0.081
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Thus, if the droplets can be measured to within £10 percent, the maximum
variation which could occur in D, would be +12 percent or -8 percent.
Since most observers will make single measurements which are in some
cases too high and in some cases too low compared to the mean of repeated
readings of a number of observers, it is more representative if the varia-
tions are expressed in terms of the standard deviation, o¢. For equivalent
droplet diameter measurements of D+ 0.1D, if 0.1 D is considered to be

2 times the standard deviation (0.95 percent confidence level), the esti-
mated odds are that the true value of the droplet diameter falls within the

range of D% 0.1D are 20 to 1.

For D

32
d D32 ' 2
o =l — o (17)
D32 dD D
dDBZ _ d (EnDa/ZnDZ) _ (Z)nDZ)(?:)(ZnDZ) - (ZnD3)(2)(EnD)
dD dD 2)2.
ZnD
(18)
D
ZnD 32
=3-2D = 3 - 2 ==
32 5o p? D4

From experimental results for Run B1113W for a droplet count of 146 the
measured D32 and DZi are 893 microns and 787 microns, respectively.

Therefore,
_ 893 _
D, ‘[3 -2 (787)] op = 0730y

The standard deviation of D32 is approximately three-fourths of the
standard deviation of the individual droplets. The true value of D32, for
the regions analyzed, therefore should be within £7.5 percent of the mea-
sured values at the 95 percent confidence level. Measurements of two

different observers for the same region of the reconstructed hologram
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for the water flow test (B1113W) resulted in a difference in D, of approxi-

32
mately 5 percent. The standard deviation for two measurements with

iances (O is
equal varia ( mD)

1L 21 2

2 - <2 - 72

“mD °D D
oop = Op/l-414

‘The true value of D32 should fall within £ (0.73/1.414) 100 or approxi-
mately 5 percent of the mean of the measured value for Test B1113W of

918 microns for the region measured, at the 95 percent confidence level.

Least squares curves of the general exponential distribution func-
tion were fitted to the cumulative distribution of the basic holographic

particle size data sets.

Mathematically the fitted function was of the form

C BXA

Y = UX e

where

>
0

normalized droplet diameter, D/D32

cumulative volume fraction

The errors of fit for the various data sets are presented in Table VI.

It is obvious from this table that the error standard deviation esti-
mates are reasonably consistent. Thus a pooled estimate of the error was
calculated. It will be noted that the 95 percent confidence interval for this
overall pooled estimate is narrower than any of the individual intervals.
This, of course, is due to the increased precision made possible by using

the total sample size.

Data sets for Test B1113W were actually the same holographic recon-
struction photograph read by two different readers, The two individual
errors are both seen to be consistent with the hypothesis of a single over-

all standard deviation.
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The number of droplet diameters which were measured for each test
is small, relative to other experimental techniques which have been
reported in the literature, It is significant, therefore, to estimate the
confidence in the results which can be obtained with small droplet counts

compared to larger counts,

Table VII shows the effect of sample size on increasing the confi-
dence for the 10th, 50th and 90th percentiles of a cumulative distribution

function, with parameters as defined in Figure 36.

Table VII
P( 2

X 05°%,10°%, 15
; = P(X _.<x 2.0 P(X..45<X. 507, 55)

- .85°7,90<7, 95
20 .56 . .34
40 .11 .47
100 .91 .68
200 .99 .84
300 .996 .92

The probability that the true population percentile, x , of a cumula-
A

tive distribution will lie within a sample interval of (Xp-. 05’ Xp+. 05) is

tabulated,

The table is based on a Walsh method (Reference 14) for obtaining
non-parametric confidence intervals for percentiles of continuous cumu-

lative distribution functions,

It is thus seen that the confidence probability increases rapidly as

sample size increases from 20 to 300,
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CUMULATIVE DISTRIBUTION FUNCTION

.
XN

o ]

I
|
|
!
l
|

|
|
t
|
|
| }es—— CONFIDENCE INTERVAL FOR XP

F(X) 1S THE CUMULATIVE DISTRIBUTION OF PARAMETER X
X], Xor sevess XN ARE THE ORDERED VALUES OF THE SAMPLED OBSERVATIONS

Xp IS THE PTH PERCENTILE OF F(X)

XP IS A SAMPLED ESTIMATE OF XP

Figure 36, Effect of sample size on confidence intervals
for cumulative distribution percentiles.

Applying the method to the water flow test data in Figure 21, as an
example, the estimated 45th and 55th percentiles are drawn in and pro-
jected down to the x-axis where the corresponding values of normalized
droplet diameter are determined to be about 1,06 and 1, 18, respectively
(See Figure 37). Next, interpolating in Table VII for the n = 146 of obser-
ver 1, the probability is determined to be about .75 that the true popula-
tion 50th percentile would lie between a 1,06 and 1, 18 normalized droplet
diameter, The corresponding probability for observer 2 which had a
sample size of 179 is similarly interpolated to yield approximately 0. 80,
From Table VII it is also seen that these probabilities could both be
increased to 0, 92 if the particle count could be increased to n = 300, for

example,
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4. CONCLUSIONS

The JPL 45-degree transmission holocamera is a unique tool for
the recording of liquid injection and combustion phenomena over distances
up to 3 feet (maximum depth of field for the apparatus). Using reconstruc-
tion methods developed during this program, the holocamera was shown
to have a resolution capability (to 25 microns) commensurate with the
general area of interest for the study of reacting sprays. In addition,

photographically copied images of reconstructed reacting sprays were

" amenable to data reduction. Droplet images could be measured and

counted. Droplet sizing did, however, require a considerable amount of
judgement. This was due to the fact that reacting droplets were pre-
dominately non-spherical in geometry and their boundaries were usually
not precisely defined, In this regard, the open flame combusting sprays
could be consistently characterized as having a 'lacy-like' structure or
appearance. It should be noted that no distinction between the oxidizer

and fuel constituents of the reacting sprays could be made,

Analysis of the open flame reacting spray droplet data showed that
reasonable correlations and comparisons could be made with 1) reduced
holographic data from a cold flow water spray produced by the same in-
jector element used for the open flame tests and, 2) empirical data
generated by other investigators examining the droplet spray characteris-
tics of similar injector elements. Reduction of reacting spray droplet
data in a combustion chamber proved to be a more difficult task and
indeed, none of the 3-inch-diameter combustion chamber holograms from
the previous JPL program proved adequate, Hologram quality was in-
ferior to the open flame recordings due to 1) erosion of the acrylic com-
bustion chambers and, 2) the intense concentration of laser light through
a small portion of the chamber which produced a so-called '"bright sun"
effect in the reconstructed holograms thus obscuring some of the com-
bustion detail, * To a lesser extent, the heavy-wall tubular acrylic cham-

bers produced distorted images at the periphery of the combustion volume,

"Concentration of the ruby laser illumination in a comparatively small
area of the chamber was done to overcome blockage of the scene light by
erosion of the acrylic chambers,
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Distortion free viewing of events within combustion chamber reconstruc-

tions was limited to the central one-third of the volume,

Limited data reduction of combustion phenomena in a chamber wasg
accomplished, however, using a hologram recorded during an Air Force-
sponsored research program, Although the droplet data sample was
small, it did demonstrate that quantitative information could be acquired
from a hologram of combustion in a thrust chamber operating at approxi-
mately 11 atmospheres of pressure, Further, measured drop size infor-
mation from the combustion chamber hologram recording was compared
‘with a steady-state, one-dimensional vaporization rate-limited combustion
mode, The results of the combustion model tend to support the drop size

distribution obtained from the hologram,
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5, RECOMMENDATIONS

Based upon the results of this and the preceding JPL reacting spray
holography program, it is recommended that additional work be conducted
to further explore and refine the basic transmission holography techniques
for recording reacting sprays. A limited amount of fundamental research
should be accomplished in an attempt to separately identify the oxidizer
and fuel constituents of bipropellant droplet spray. This work should
include the holography of isolated fuel droplets in a gaseous oxidizer and
vice versa. Multiple color pulsed laser (red and ultraviolet) holography
and direct laser illuminated photography of individual fuel and oxidizer
droplets should also be considered as a further means of differentiating

between the propellants,

Additional study of the phenomena occurring at or near the impinge-
ment point of impinging stream injectors is recommended. Work should
start with small scale impinging streams of reactive and non-reactive
constituents to develop the necessary holographic techniques required to
obtain greater laser light penetration in this critical region of the com-

bustion process.

The data correlations obtained during the present work, in conjunc-
tion with the combustion modeling approach, showed excellent promise for
the overall technique, Additional effort involving systematic single
element size and geometry variations, along with selected multiple ele-
ments, is recommended to obtain improved combustion modeling

correlation,

To date, holography of burning liquid rocket propellants has been
limited to the study of only two earth storable propellant combinations.
Additional combustion studies should be made to determine the applica-
bility of holography methods to other propellants., In any event, further
holography studies of combustion should be aligned with parallel theoreti-
cal modeling of the combustion process so that the combustion models

may be verified and refined,
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One of the most important aspects of applying holography to the
study of distributed phenomena such as reacting sprays is that of acquir-
ing and reducing data. The extremely large amounts of information which
can be recorded on a single holographic plate make the task of manually
reducing this data a costly and time consuming job., Although some effort
has been made along these lines, much work remains. Ideally, one would
like to interrogate the real image of the reconstructed hologram using a
three-axis scanning device and short working distance magnifiers. To

obtain greatest resolution, it is necessary to use ruby radiation from a

continuous source such as the Siemens laser, This approach, coupled

with a sensing device (to prevent eye damage) and a suitable computer

program, offers the next step in sophistication for acquiring and reducing

droplet data.
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U, C, B, A

Subscripts

NOMENCLATURE

Sauter mean droplet diameter = ZniDi3/Zn.1Di2,

microns

1/3

) 3 .
Volume mean diameter = (En.lD.1 /Zn.1 , microns

Number of droplets in droplet diameter interval
(25 micron interval used for test data)

Average equivalent droplet diameter in diameter
interval, : i. e., 187.5 microns in interval from
175 to 199. 99 microns

Mass or volume median diameter = diameter at
at Zni3/2niDi3/(ZniD.13) Total = 0. 50, microns

Orifice diameter, inches

Initial jet velocity, ft/sec
Ambient air velocity, ft/sec
Liquid viscosity, lbm/sec—ft
Liquid surface tension, dyne/cm
Liquid density, lb/f‘c3

One-half of included angle of doublet injection
element, degrees

D;/Ds,
Constants

Standard deviation

Oxidizer

Fuel
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Appendix A
USAF 1951 RESOLVING POWER TEST TARGET

The resolution of an optical instrument is basically its capacity for
imaging fine detail. Stated another way, resolution is concerned with the
ability to measure differences based upon the comparison of two very close
sources of 1ight. Ultimate resolution is the measure of the closest dis-
tance two points of light can be placed and still be recognized as being

individual points.

The Tinear resolution for an optical system may be numerically expressed
in terms of lines per millimeter. Resolution devices or targets for evalu-
ating optical systems often consist of geometric patterns which may be
"read" or interpreted. A commonly accepted patterned target is the U.S.Air
Force 1951 Resolving Power Test Target, which is defined by Military Stand-
ard 150-A. This resolution target, shown in Figure A-1, consists of an ar-
ray of three-line "patterns." The width of a Tine is equal to the width of
the spacing between lines in each pattern. Further, the Tength of each

line is five times jts width.

A grouping of two patterns set at right angles to each other is termed
an "element" of the test target. The elements are arranged in increasingly
smaller sizes. These elemental size changes in the USAF 1951 Target are
defined by a geometric progression based upon the sixth root of 2, or 5777_1.
Stated another way, the number of Tines per millimeter doubles every sixth

target element.

The target elements are arranged in columnar form. Each column is
numbered (from -2 to 7) and each element within a given column is identified
by another number (1 to 6). Therefore, an element on the target is described
by a column number and a "row" number. The accompanying table (see Figure
A-1) provides a 1isting of the number of lines per millimeter for each ele-
ment. For the 1951 target, the largest element corresponds to 0.250 Tines
per millimeter while the smallest is 228 lines per millimeter.
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In reading a resolution chart, one identifies the smallest element in
which the three-line pattern can be distinguished. The column and row num-
bers of this element (for example, column 3, row 1 or 3-1) are noted and
the corresponding number of 1ines per millimeter for the element is then
conveniently obtained from the Table in Figure A-1. For element 3-1, the
value is 8.00 lines per millimeter.

It is also possible to assign an equivalent particle width (or diam-
eter) from the resolution target. Remembering that the width of each line
and adjacent space are equal, and taking the reciprocal of the measured
resolution in Tines per millimeter, the period of the line spacing is ob-
tained (millimeters per line). One-half.of the period then, is the smallest
object which may be discerned. Thus, if a USAF 1951 target can be "read"
to column 3, row 1, the line spacing is 8 Tines per millimeter. This is
equivalent to 1/8 = 0.125 millimeters per line. One-half of this value is
0.0625 millimeters (width of the line only) or 0.0625 millimeters x 1000
microns per millimeter = 62.5 microns. This would be the smallest width or
diameter of an object which could be individually identified by the optical
system in question.
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Element No. Group Number (Column Number)
(Row No.) -2 -1 0 1 2 3 4 5 6 7
1 0.250 0.500 1. 000 2.00 4. 00 8. 00 16.0 32.0 64.0 128.
2 0.280 0.561 1. 12 2.24 4.49 8.98 17.95 36.0 71.8 144,
3 0.315 0.630 1.26 2.52 5.04 10.1 20.16 40. 3 80.6 161,
4 0,353 0.707 1,41 2.83 5. 66 11.3 22.62 45,3 90.5 181.
5 0.397 0.793 1.59 3,17 6.35 12.7 25,39 50.8 102. 203,
6 0,445 0.891 1.78 3.56 7.13 14. 3 28.51 57.0 114. 228,
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Figure A-1. Photograph of a USAF 1951 Resolving Power Test Target.
The table above the photograph indicates the number of
lines per millimeter for each element on the target.
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